Summary.
Tooth germs of killifish were examined by both ultrastructural and cytochemical methods. Although many investigators have histologically studied the calcification of tooth germs of fish, paying attention mainly to their ectodermal components, namely enamel or enameloid and the inner epithelial cells, there have been no studies concerning their mesodermal components of the dentin as the initial site of calcification. Vesicular structures have not been reported in any fish tooth germs except in the dogfish studied by GARANT (1970a) , who reported that the first deposits of crystals membranes in the form of small flattened saccules.
However, these membranous saccules, did not exist in the dentin matrix but in the enameloid.
Other than fish, however, electron microscope studies have revealed the presence of extracellular vesicular structures in the dentinogenesis of mammals (CROISSANT, 1971; OZAWA and YAJIMA, 1972; BERNARD, 1972; EISENMANN and GLICK, 1972; SISKA and PROVENZA, 1972; KATCHBURIAN, 1973; LARSSON and BLOOM, 1973; LARSSON, 1973; , amphibians and reptiles (OZAWA et al., 1975) . Later, these extracellular vesicular structures, named matrix vesicles by ANDERSON (1969) , came to be recognized as initiators of calcification.
In this study we have examined by electron microscopy the bell-shaped stage of tooth germs of a species of the killifish, Oryzias latipes, and attempted to demonstrate the relationship between the initial calcification and the matrix vesicles from a comparative anatomical viewpoint.
Materials and Methods
Whole bodies of Oryzias latipes, measuring 2-3cm in length were immersed in a paraform-glutaraldehyde fixative buffered to pH 7.4 with 0.1M cacodylate (REESE and KARNOVSKY, 1967) for 2-3hrs at room temperature.
The maxillae and mandibulae were collected.
Most of them were subsequently postfixed in 1% osmium
For the demonstration of alkaline phosphatase activity, some pieces of the jaws either in a Vibratome (Oxford Ltd.) or a Smith Farquhar tissue sectioner. They were placed in a reactivating solution (YOSHIKI et al., 1972) postfixed in 0.1M cacodylate buffered 1% osmium tetroxide at pH 7.4 for 1hr. All of these speciments were subsequently dehydrated in a graded series of acetone at room temperature, and embedded in Epon 812 mixture.
Ultrathin sections cut either with a Porter-Blum MT-I ultramicrotome or LKB ultratome III 8800, both equipped with glass as well as diamond knives (du Pond Ltd.) were examined either unstained, or stained with a saturated solution of uranyl acetate in 50% methanol and/or tartrate-stabilized lead hydroxide. The examination was done with a Hitachi HU-11DS electron microscope at 75kV.
For light microscopy, semi-thin sections obtained from Epon blocks were stained with 0.1% toluidine blue.
In order to localize alkaline phosphatase activity by light microscopy, the specimens were prepared by the azo-dye method (BURSTONE, 1960) .
Results
In the sections of killifish jaws cut either longitudinally or transversely, there are always many tooth germs at different phases of developmental stages. In this paper, however, we reffer only to the bell-shaped tooth germs.
In the dentin of a bell-shaped tooth germ, meaning that it was at an early calcification stage, calcified dentin and uncalcified predentin surrounded a dental papilla consisting of odontoblasts and preodontoblasts.
The ectodermal component at this developmental stage consisted only of two cell layers; the inner epithelial layer facing the dental papilla and the outer one facing the surrounding perifollicular connective tissues.
At this stage, both the inner cells in the shape of short columns CD cal-and the outer ones which were cuboidal seemed relatively undifferentiated. Cut longitudinally, a dental papilla showed 10-14 odontoblasts lying one below another in a column and several crescent-shaped preodontoblasts lying in piles at the basal portion of a tooth germ (Fig. 1) . A continuous basal lamina ran in parallel closely with the inner epithelial cells (Fig. 1) , but where the calcified dentin reached the basal portin of the inner cell plasma membranes, the basal lamina was obscure (Fig. 2) . Odontoblasts and preodontoblasts contained a lot of rough endoplasmic reticulum, mitochondria and well developed Golgi apparatus composed of saccules, vesicles and vacuoles characteristic of this apparatus (Fig.  3) . The plasma membranes between two adjoining odontoblasts are closely in contact with each other (Fig. 3) and cytoplasmic processess of variable sizes extended into the predentin, especially in the basal region of the tooth germ. Numerous extracellular small vesicles were observed closely around the processes (Fig. 4a, b) .
For convenience of description, the dentin calcification was divided into three stages on the electron microscopic level; the stages of precalcification, advancing and full calcification (Fig. 5) . During the precalcification stage, the dentin matrix was composed of collagen fibrils, amorphous ground substance and many membranebounded structures.
Collagen fibrils about 25-30nm in diameter were generally immature and ramdomly arranged.
Most of the amorphous ground substances existed where there were many membrane-bounded structures.
Sizes of membrane-bounded structures were observed among irregularly arranged collagen fibrils and around the odontoblastic processes facing the predentinal space (Fig. 6, 7) . Such structures, round, ovoid, or irregular in shape and varying from 30 to 150nm in diameter, were surrounded by a trilaminar membrane structure about 7nm in thickness.
The content of these structures showed a grade of density, but most of them appeared empty.
The onset of the calcification of dentin matrix signified the start of the next stage, that of advancing calcification (Fig. 7) . The initiating sites of calcification were supposed to be the extracellular membrane-bounded structures in the dentin matrix, because the first deposits of electron opaque materials and of fine needle-like crystals were located in these vesicles.
Where such vesicles were gathered, there were clusters of amorphous fine granular substances which seemed to be mucopolysaccharide (Fig. 8a) . Where calcification was advanced, more membrane-bounded structures came to contain needle-like crystals in them. Sometimes, those with greater numbers of needle-like crystals within exhibited an irregular and angular contour (Fig. 8b) . As crystalization progressed, the vesicles became almost completely filled with crystals and the bounding membranes obscure (Fig. 9) , which, however, were detectable in the dentin matrix as membranes around empty holes or membrane remnants when specimens were decalcified with EDTA (Fig. 10a, b) . At this stage, needle-like structures were not found in association with collagen fibrils. When calcification of matrix advanced further, the crystals came to be arranged side by side with collagen fibrils forming large calcified areas.
The dentin at the full calcification stage showed large clusters of needle-like crystals and confluences of the calcified areas. At this stage, vesicular structures were no longer visible in the calcified area, even decalcified with EDTA.
The collagen fibrils arranged randomly in the dentin matrix at the precalcification stage were now orientated in the long axis of the tooth shaft and cytoplasmic processes from odontoblasts were among them (Fig. 11a, b) .
For electron microscopic examination, the specimens to check the location of alkaline phosphatase activity in tooth germs of the killifish were prepared by the lead citrate method of MAYAHARA et al. (1967) . The enzyme activity was both in the plasma membrane of odontoblasts and the membranes of extracellular structures in the calcifying dentin (Fig. 12) .
The activity was abolished by substrate removal. Asterisk indicates amorphous ground substances,
Discussion
Tooth development in the killifish differs in a few respects from that in other fishes, such as sharks (GRADY, 1970; GARANT, 1970a; KEMP and PARK, 1974) kissing gourami GARANT, 1970b) , pikes (HEROLD, 1974) and sea breams (ONO, 1974; WAKITA, 1974) , all of them having mesodermally formed enamel or enameloid.
The outline of the tooth development of killifish was similar to that of mammals, amphibians (ZAKI et al., 1970; SMITH and MILES, 1971; OZAWA et al., 1975) and repitiles (OZAWA et al., 1975; YAMASHITA, 1976) . In the killifish, enamel formation was also always preceded by calcification of the dentin.
Observations with an electron microscope showed that the dentin calcification of the killifish tooth germs resembled that of tooth germs in higher vertebrates (CROISSANT, 1971; OZAWA and YAJIMA, 1972; BERNARD, 1972; EISEMANN and GLICK, 1972;  Note no crystals can be seen in some Fig. 10 . a. Decalcified dentin of the same region as in Figure 9 . Membrane structures of matrix vesicles are detectable in the dentin matrix as membranes around empty holes or membrane remnants.
Intact vesicles are still visible within the predentinal space a b Fig. 11 . a. A apical portion of dentin which is covered by the enamel (E) and the epithelial cells (EC SISCA and PROVENZA, 1972; KATCHBURIAN, 1973; LARSSON and BLOOM, 1973; LARSSON, 1973; . Killifish tooth germs showed numerous membrane-bounded extracellular vesicles in the dentin matrix, which phenomenon has not been studied in any fish tooth germs, though there was an investigation by GARANT (1970a) on dogfish tooth germs in which he obsreved small flattened saccules in close association with crystals, but in his case, in the enameloid matrix.
Our extracellular vesicles occurred characteristically in the dentin matrix especially during the precalcification period. The morphological characteristics of these vesicles corresponded to those of the matrix vesicles in different calcifying tissues of mammals (see recent review by ANDERSON, 1976) . However, in the present study, it would be of significance to note that matrix vesicles were more numerous and more uniform in the ultrastructural appearance than in any other higher vertebrates (SLAVKIN et al., 1976) .
These matrix vesicles seem to be closely related with odontoblastic processes, always appeared where numerous odontoblastic processes existed, and were mostly round in shape, approximately 30nm in diameter, which shape and size were similar to those of crosssectioned odontoblastic processes. Moreover, alkaline phosphatase activity was located in the membranes of both matrix vesicles and odontoblasts, so that most of the matrix vesicles in the killifish dentin might be formed by fragmentation of odontoblastic processes into the predentinal matrix.
At the stage of advancing calcification, fine needle-like crystals in the matrix vesicles were increasing in number. When the matrix vesicles become completely filled with crystals, they mostly lost their limiting membranes and then acted as centers around which mineralization grew into the surrounding matrix, into collagen fibrils in particular.
Fine granular structures which seemed to be mucopolysaccharides, on the other hand, were decreasing in number in the surroundings of matrix vesicles, and they finally disappeared completely when matrix vesicles were wholly calcified. This may indicate that mucopolysaccharides surrounding matrix vesicles have a strong affinity to calcium and that they play an important role in dentin calcification.
Cytochemically, ocrurrence of alkaline phosphatase activity in the membranes of both matrix vesicles and odontoblasts in the killifish was the same with higher vertebrates (MATSUZAWA and ANDERSON, 1971) . It is reasonable to presume that alkaline phosphatase may also play a significant role in the killifish dentin calcification by way of providing Pi through hydrolyzing pyrophosphate and/or removing The exact function of matrix vesicles in the process of calcification remains unknown.
genesis.
